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Abstract 
Circle-to-square roll forming process of martensitic steel MS980 was studied. A 3D elastic-plastic roll forming finite element 
model was established with ABAQUS and the influence of material and process parameters was investigated. Four material 
with different strengths include MS980, Fe360D, DP590, MS1500 were compared to study the effect of material strength. The 
result shows that as the material strength increase, the fillet radius of formed square tube decrease, corner thickness increase 
significantly, and the edge convexity is worse. Rolled compression amount distribution is an important parameter in roll 
forming process. Three distribution schemes were proposed, which were parabola distribution, decline distribution and equal 
distribution. The result shows that the equal distribution scheme can get good square shape and uniform force on each pass. 
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1. Introduction 
Roll forming is a continuous process to bend coil through a set of rolls until the desired cross-section is 
obtained, which is widely used for the bus skeleton manufacturing. Martensitic steel MS980 is a new type of AHSS, 
the yield strength will exceed to 750MPa, which is a potential lightweight material to substitute Fe360D in 
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passenger cars skeleton. But high strength and low ductility of MS980 bring new challenges in roll forming process, 
such as surface unevenness, residual stress incensement, delay crack etc. 
Many researches on roll forming focused on the open section profile forming. Lindgren et al. (2007) found that 
the longitudinal peak membrane strain decreases and the deformation length increases when the yield strength is 
increased, which can be used to designing the cold roll forming machine. Paralikas et al. (2009) studied the 
influence of roll forming line velocity, rolls inter-distance, rolls gap, and rolls diameter based on a roll forming 
simulation of V section profile with LSDYNA. Luo et al. (2008) found that that when yield stress, work-hardening 
coefficient and normal anisotropy coefficient increase, the wavy flange decreases. Rossi et al. (2013) studied the 
strength enhancements in cold-formed structural sections. Tong et al. (2012) used the X-ray diffraction method to 
study the longitudinal residual stresses for cold-formed square tubes and found in tension at outer surface and in 
compression at inner surface. But the roll forming process of close section tubes and the high strength steel usage 
in roll forming have not been studied thoroughly. 
 In this study, a reliable FE model was built to analyze circle-to-square roll process of MS980 square tube and 
verified by size evaluation and residual stress test. Based the FE model the effect of material strength and roll 
process parameters were studied. 
2. Finite element model  
2.1. Circle-to-square process finite element modelling 
The flow chart of square tube roll forming can be divided into three main stages, coil roll forming (Fig. 1), 
welding, and circle-to-square process (Fig. 2). Coil is corrected to a flat plate by a leveller, then formed as a round 
tube with multiple passes. Next, the open section profile is welded to a close section profile. Finally, the round tube 
is shaped to a square tube by passing through four close passes in turn. At the first stage, the stress field and the 
thickness are relatively uniform in the round tube, while as the final square product the fillet stress is higher than 
other region, many defects such as crack etc arise on this stage. So a circle-to-square process FE model is 
established to investigate forming characters in the third stage. 
 
 
Fig. 1. The flow chart of round tube roll forming. 
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Fig. 2. Four passes extrusion to square.                                 Fig. 3. True strain-stress curve of MS980 
 
Table 1. Mechanical property of MS980. 
Material Yield Strength /MPa Tensile strength /MPa Agt /% A /% E /GPa K /MPa N 
MS980 778.2 1050 7.2 12 199.4 1376 0.085 
 
The research material is MS980 and its true strain-stress curve is given in Fig. 3.  The Hollomon law plastic 
model was used as Eq. (1): 
 
=K nV H ,                                                                                                                                                                                            (1) 
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where K is the strength coefficient, n is the hardening exponent. The mechanical property is shown in Table 1. 
Hill1948 anisotropic yield criteria was used, the yield equation shows in Eq. (2): 
 
2 2 2 2 2 2
22 33 33 11 11 22 23 31 12( ) ( ) ( ) ( ) 2 2 2ij F G H L M NV V V V V V V V V V V)           ,                            (2) 
 
where  F, G, H, L, M and N are anisotropic material constants. For MS980, these parameters displayed in Table 2. 
 
Table 2. Anisotropy parameters of MS980. 
F G H L M N R11 R22 R33 R12 R23 R23 
0.5162 0.6345 0.3655 1.649 1.649 1.649 1 1.065 0.932 0.910 0.910 0.910 
 
The dimension of the target square tube is 50×50×2 mm with 4 mm in the fillet radius. The initial circle part is 
30.7 mm in diameter and 2 mm in thickness. The total roll compression amount is 5.7 mm just as Fig. 4 shows. 
 
Fig. 4. Part geometry.                                      Fig. 5. Circle-to-square FE model. 
 
In the FE model, the tube was driven by displacement instead of friction. Continuum shell elements were used. 
The corner mesh is refined as 0.7×2×2 mm since corner thickening should be the focus in this study, while the 
edge mesh size is 2×2×2.6 mm. ABAQUS Dynamic/Explicit was chosen for the forming simulation. The static 
stress was released after deformation. The FE model is shown in Fig. 5. 
2.2. Simulation result verification 
z Shape accuracy comparison  
The size index of square tube includes fillet radius, fillet thickness, edge thickness, and edge convexity. The 
edge convexity is defined as  
Convexity m
m
A A
A
  ,                                                                                                                                   (3) 
where mA  is the maximum width of the formed tube, A is the theoretical width, which is 50mm in the study. 
             
Fig. 6. Comparison of simulation result and experiment result (a) Simulation (b) Experiment. 
 
Fig. 6 demonstrates final shape comparison of specimen. Table 3 presents the results comparison. Corner 
thickening are be observed both on specimen and simulation. The error of FE model was less than 10% comparing 
to the specimen. The simulation result can accurately match the section size of the square tube specimen 
a b 
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Table 3. Section size of tubes. 
 Experiment results Simulation results EE 100%Srror
E
 u
 
Fillet radius (mm) 5.69 5.16 9.3% 
Fillet thickness (mm) 2.063 2.103 1.94% 
Edge thickness (mm) 1.967 2.016 2.49% 
Edge width (mm) 50.643 50.758 0.23% 
 
z Residual stress comparison 
The comparison of the circumferential residual stress of outside surface on the square tube is shown on Fig. 8. 
The residual stress was measured by iXRD X350 Portable Residual Stress & Retained Austenite Measurement 
Systems.  There were 24 points tested on each tube (Fig. 7). 
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Fig. 7. Access point location.                                        Fig. 8. Comparison of residual stress. 
 
The measurement results and simulation results match well. Compressive stress exists at fillet, while tensile 
stress at the edge. The maximum compressive stress appeared at the corner centre, and the maximum tensile stress 
appeared at the center of the edge. The experiment result shows that residual stress at the welding joint (point 7) is 
larger than points besides, while the simulation shows the contrary result. It’s because the stress of specimen had 
been released in welding process. Because of equipment limitation, the residual stress measurement is more 
accurate for flat plates than that for curved surface, the simulation stress value has a certain degree of deviation to 
the experiment result on the corner part, the overall trend fit well with the simulation results.  
Through the comparison of the shape size and residual stress between the simulation and the specimen, the 
simulation accuracy can be verified. 
3. Discussion 
3.1. Material impact 
Fe360D, DP590, MS980 and MS1500 were chosen for the circle-to-square roll forming simulation for 
comparison. Fe360D is a kind of low strength steel. DP590 is the most widely used high strength steel in vehicle 
industry, and MS1500 has higher strength than MS980l. The mechanical properties are presented in Table 4. For 
these four materials, the yield strength increase and the elongation decrease in the order. 
 
Table 4. Mechanical properties of Fe360D, DP590 and MS1500. 
material Yield strength/MPa Tensile strength/MPa Agt/% A/% E/GPa K/MPa n 
Fe360D(Q235) 245 450 22 33 210 649.1 0.192 
DP590 372 649 17 25.3 200 1012.3 0.176 
MS1500 1449.8 1542.1 2.5 3.6 188.8 2148.7 0.079 
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z Final dimension  of the tube 
The comparison of formed four tubes shape displays in Fig. 9. For Fe360D and DP590 tubes, the thickening rate 
is lower and the fillet radius is larger than that of MS980, while the corner shape between MS980 and MS1500 
tubes makes little difference. The fillet radius of MS980 and MS1500 are smaller, which may cause serious stress 
concentration and crack tendency. So process parameters design methods different than the low strength steel 
should be considered for AHSS. 
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Fig. 9. Corner dimension: (a) Thickening of the corner (b) Fillet radius (c) Edge convexity degree. 
 
The springback is more serious as the material strength increases, which cause more serious convex defect. 
High strength material tubes bring larger convexity. So higher strength material needs more compensation of 
defects at edges under the same forming condition. 
3.2. Roll compression distribution scheme 
The roll compression distribution scheme is an important factor in roll forming design, which has serious impact 
on product quality and mill life. Three distribution scheme, parabola distribution, decline distribution and equal 
distribution are proposed. For the total roll compression amount 5.7 mm, three kinds of distribution scheme are 
shown in Table 5. 
 
Table. 5. Three kinds of distribution scheme. 
distribution scheme Pass 1 Pass 2 Pass 3 Pass 4 Total compression amount 
equal distribution 25% 25% 25% 25% 100% 
Compression amount (mm) 1.425 1.425 1.425 1.425 5.7 
decline distribution 40% 30% 20% 10% 100% 
Compression amount (mm) 2.28 1.71 1.14 0.57 5.7 
parabola distribution 15% 35% 35% 15% 100% 
Compression amount (mm) 0.855 1.995 1.995 0.855 5.7 
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Fig. 10. Sction shape formed by each scheme.                                                  Fig. 11. Fillet radius of each scheme 
 
Fig. 10 demonstrates the final section shapes formed by each scheme. Both Parabola distribution and decline 
distribution have problems with irregular shape at the corner and transition of straight edge. 
Fig. 11 shows that the fillet radius of decline distribution is smallest and that of equal distribution is largest. 
a b c 
a b c 
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The moulds forces of equal distribution scheme are relatively even, while the forces of Parabola distribution and 
decline distribution schemes appear apparent peak value. So the equal distribution scheme performances best for 
the load condition of the moulds and the equipment. 
 
Table 6. Force of each pass.  
Distribution scheme Pass 1 /N Pass 2 /N Pass 3 /N Pass4 /N Max force /N Variance /N 
equal distribution 9100 9450 11660 10100 11660 981.6 
decline distribution 15300 14150 14100 2930 15300 5040.1 
parabola distribution 7250 10750 15050 2740 15050 4525.0 
4. Conclusion 
AHSS MS980 is a potential material to replace tradition steel to achieve lightweight in passenger car. To study 
the performance of roll forming with MS980, the circle-to-square roll forming FE model was established based on 
ABAQUS/Explicit. And the effect on material strength and roll compressive distribution scheme on roll forming 
process are discussed. The main conclusions show the following: 
(1) The evaluation of forming accuracy for square tubes has been put forward, including fillet radius, edge 
convexity and so on. 
(2) The increase of material strength will result to smaller fillet radius, larger thickening at fillet, and worse 
convexity at straight edge.  
(3) Equal compression distribution scheme performs better for section shape. Its mold load of each pass is more 
even than Parabola distribution and decline distribution schemes. 
The research provided good reference for the roll forming of advanced high strength steel.  
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